Collaborative Adaptive Sensing of the Atmosphere (CASA) is advancing a new approach to radar network design based on dense networks of short-range radars. The center's concept is to deploy small radars atop communication towers, rooftops, and other elements of the infrastructure as a means to comprehensively map winds, rainfall, and other atmospheric and airborne objects throughout the atmosphere with resolution, low-altitude coverage, Doppler wind vector measurement, and other capabilities that are substantially beyond the current stateof-the-art. The technology has the potential to supplement -or perhaps replace -the large long-range civil infrastructure radars in use today.
I. INTRODUCTION
Today's weather forecasting and warning infrastructure uses data from high power, long-range radars that have helped meteorologists improve forecasts significantly in the past 10+ years. However, long-radars have limited ability to observe the lower part of the atmosphere because of the Earth's curvature. Today's radars cannot detect the full vertical rotation of most tornadoes, and they cannot observe the behavior of tornadoes and other hazards at or near ground level. In addition, one in five tornadoes goes undetected by current technology, and 80% of all tornado warnings turn out to be false alarms. The increasing need for improved coverage at low altitudes, particularly in the planetary boundary layer, is articulated in several recent reports produced by federal agencies and National Research Council committees (e.g., references [1] [2] [3] [4] [5] [6] ).
These reports reflect the emerging need for improved low-altitude radar coverage to support numerous applications ranging from improved hazardous weather forecasting and warning, to wind mapping for fire fighting and tracking airborne toxic release, to monitoring bird migration, to enhanced support for roadway weather. Beyond weather, the DoD's Strategy for Homeland Defense & Civil Support (DoD, 2005, pg. 26) notes, "the nation will need to develop an advanced capability to replace the current generation of radars to improve tracking and identification of low-altitude threats." Such needs cannot be met with networks comprised of longrange radars owing to the fundamental inability of such systems to provide comprehensive low-altitude coverage.
The National Science Foundation (NSF) Engineering Research Center (ERC) for Collaborative Adaptive Sensing of the Atmosphere (CASA) is researching a new atmospheric hazard detecting and warning technology based on low-cost, dense networks of radars that operate at short range, communicate with one another and adjust their sensing strategies in direct response to the evolving weather and to changing user needs [8] , [9] , [10] , [11] . In contrast to the large weather radars in today's operational networks, such as NEXRAD having 9 m diameter antennas and radar spacing of hundreds of kilometers, the antennas in dense networks are expected to be 1-meter in size with the radars spaced tens of kilometers apart. This small size allows these radars to be placed on existing infrastructure elements such as communication towers and rooftops. The short range of the radars defeats the earth curvature blockage problem, enabling these networks to comprehensively map damaging winds and heavy rainfall from the tops of storms down to the boundary layer beneath the view of today's networks. In addition to enabling comprehensive low-altitude observations, short range operation offers the potential for significant improvements in resolution and update times compared to today's state-of-theart. These improvements, in turn, enable a better characterization of storm morphology and analysis, offering the potential for improvements in weather hazard forecasting and warning. Beyond weather, such networks also have the potential to improve our ability to detect and track low-flying objects beneath the coverage of today's technology.
II. DEPLOYMENT CONSIDERATIONS
Weather radar coverage today within the contiguous United States (CONUS) at 3 km altitude is comprehensive east of the Rocky mountains where the spacing between radars in the WSR-88D/NEXRAD network is ~230 km. In the western part of the country, where the representative spacing between radars is ~345 km, coverage gaps exist as a result of both earth curvature blockage and terrain blockage. Coverage is poor at 1 km altitude throughout the entire CONUS except in those regions in close proximity to the radar antennas. The only way to provide more comprehensive coverage of the lower troposphere (e.g., < 3 km AGL) is to decrease the spacing between the radars. Figure 1 plots the percentage of the volume in a thin layer above ground level covered versus radar spacing for different altitudes (solid curves). Also plotted is the number of radars needed for blanket CONUS coverage versus radar spacing (dashed line) versus radar spacing. The vertical bars in the figure at 230 km and 345 km are the two representative NEXRAD spacings discussed above. As shown in the plots, decreasing the spacing between the radars increases the low-altitude coverage (solid lines tending to increase toward 100% with decreasing radar separation); the blockage due to the earth's curvature is "defeated" when the radar spacing is reduced to ~50 km or less. The vertical bar at 30 km in this figure represents the radar spacing at which the earth curvature is defeated using a network comprised of "small radars". Small radars, as defined here, refer to radars that can be designed to reliably detect weather and aircraft targets using ~1 meter diameter antennas and low-power transmitters (eg, magnetrons having peak power of 10 kW or solid-state transmitters having large duty cycles and peak power levels 10-100 W). Figure 2 depicts the range-dependent sensitivity of such small radars for detecting weather. This curve was developed using the characteristics of a set of radars that have been fielded in Oklahoma in CASA's "IP1 project" [11] . These dual-polarized radars operate at X-band and employ 1.2 m parabolic reflector antennas, ~ 10 kW peak power magnetron transmitters and dual coherent-on-receive receiving channels. Such radars, which the CASA project has been able to develop and deploy for several hundred k$ per site, represent a new class of low power, low -cost radar. The maximum range at which this class of radar is capable of achieving +10 dBZ sensitivity for weather observation is 30 km. Achieving such sensitivity levels at larger ranges would require increases in transmitter power, antenna aperture, or a combination of these two characteristics. The nominal increase in required power·aperture product to support a doubling in radar range without compromising sensitivity is 6 dB for weather observing. An additional increase beyond this nominal level would be needed to provide a rainfall-induced attenuation margin in the power budget of the radar for longer-range operation [13] . The net effect of such increases is to move longer-range radars into a power and size category that they are no longer "small radars" and for this reason, the CASA project is pursuing a concept in which radars are spaced 30 km apart. It should be noted that the placement of radars in a collaborative network offers the potential for improved sensitivity beyond the levels shown in figure 2. This is discussed in relation to the weather observing problem in [13] and [14] .
Figure 2. Sensitivity of a "small radar" for weather measurement as a function of range. Such radars achieve worse-case sensitivity of +10 dBZ at 30 km range.
A dense network of ~10,000 such radars would be required to blanket the contiguous U.S. at 30 km radar spacing. Such radars would require less than 100 W of average transmitter power (if realized using a solid state transmitter, rather than the magnetrons discussed above), yet they would be capable of mapping storms with < 1 km spatial resolution throughout the entire troposphere -from the critical low troposphere "gap" region up to the tops of storms. Such networks thus have the potential to supplement -or perhaps, replace -the large networks in use today. Blanket deployment of thousands of small radar nodes across an entire nation is but one of several possible future deployment strategies for this technology. Additional strategies would potentially include selective deployment of smaller networks in heavy population areas; in geographic regions particularly prone to wind hazards or flash floods; in valleys within mountainous regions; or in specific regions where it is particularly important to improve observation of low-level meteorological phenomena. The cost to deploy and operate a dense network will include both the up-front cost of the radars and the recurring costs to maintain them, buy or rent land and space on towers/rooftops, and provide for data communication between the radars, operations and control centers, and users. These costs, in addition to numerous technological and system-level tradeoffs, need to be balanced to ultimately develop an effective system design.
II. THE CASA PROJECT
The CASA Engineering Research Center is a partnership among academic, industrial, and government participants. The center aims to lay the fundamental and technological foundations for dense, adaptive radar networks, conduct proof-of-concept demonstrations using field-scale testbeds deployed in hazard-prone areas, and ultimately transition the concepts and technologies into practice through commercialization and technology transfer mechanisms. Projects undertaken within the center include the design and fabrication of low-power solid state radars, new hazard detection algorithms that make use of the data, and the creation of an open system software architecture for organizing hardware and software components and interfacing to multiple groups of data users. The first testbed, comprising a network of four small radars, was installed during winter/spring 2006 on telecommunication towers in southwest Oklahoma in a region frequented by tornadoes and severe thunderstorms. A user group comprised of emergency managers and public and private sector weather forecasters is included in the CASA team and is participating in the design and testing of the system. This presentation at the 2009 Radar Conference will discuss key system-level tradeoffs associated with this new approach to radar network design and discuss key aspects of CASA's first testbed deployment as a proof-of-concept.
